Expression of AtCIPK14 (an Arabidopsis CBLinteracting protein kinase 14) was induced by metabolic sugars. Two A/T-rich sequences similar to elements involved in sugar-inducible expression of other genes were found within the À183 bp 5 0 region of the AtCIPK14 promoter that was responsible for the sugar induction. Histochemical analysis using a reporter gene indicated vascular-specific expression of AtCIPK14.
In plants, sugars produced by photosynthesis are used as an energy source and as raw materials for cellular components. Sugars also function as signaling molecules that regulate various genes and metabolic pathways. In fact, many genes induced by sugars have been identified, 1) and several signaling pathways responsible for the activation and repression of those genes have been proposed. [2] [3] [4] Although recent studies have suggested that sugar signaling is complex, conserved cis-elements responsible for sugar regulation have been reported in the promoters of several genes induced by sugars, indicating the presence of common regulatory machinery. [5] [6] [7] [8] We previously identified an Arabidopsis gene induced by supply of sucrose that encoded a protein kinase, AtSR2.
9) Subsequent studies by our group and others have indicated that AtSR2 is involved in a protein kinase family interacting with calcineurin-like calcium binding proteins (CBLs). 10, 11) Following Luan et al., in the present study we renamed AtSR2, CIPK14 (CBLinteracting protein kinase 14). 12) In fact, interaction between AtCIPK14 and AtCBL2 (Arabidopsis thaliana calucineurin B like 2) has been reported by yeast twohybrid assays. 10) Although induction of AtCIPK14 transcripts by sucrose has been shown, its regulatory mechanism by sugars has not been examined. Hence, in the present study, we carried out deletion analysis of AtCIPK14 promoter to analyze regions important for the regulation of its expression. We also analyzed the tissuespecific expression profile of AtCIPK14 using aglucuronidase (GUS) reporter gene.
In our previous report, seedlings germinated under dark conditions were used as sugar-starved materials. In this study, plants grown for 2-3 weeks were deprived of sugars by transfer to dark conditions to observe the expression profile of AtCIPK14 in response to sugar levels. As shown in Fig. 1a , the transcript level gradually decreased when sucrose was depleted, and clearly increased within 7 h of being supplied with 1% sucrose. Expression of AtCIPK14 was also induced by metabolic sugars such as glucose and fructose, but not induced by mannitol, indicating that induction was not due to osmotic stress (Fig. 1b) .
RT-PCR analysis using different primer sets suggested that the transcription start site is located between À54 and À42 bp from the translational starting site (data not shown). Taken together with the consensus sequence for transcriptional starting sites in plants, the transcriptional starting site was predicted to be located at AACC at À49 bp. The 1,793 bp from this determined site was fused with firefly luciferase gene substituting the start coden (ATG) of luciferase for that of AtCIPK14. This chimeric gene was introduced into a binary vector derived from pBI101 and used for transformation of Arabidospsis. In these transgenic Arabidopsis leaves, the supply of sucrose clearly increased luciferase activity, and we concluded that the À1;793 bp promoter region was sufficient to confer sugar-inducible expression (Fig. 2) . Subsequently, a series of deletion constructs fused with luciferase were examined for their expression in response to the presence of sucrose in leaves of transgenic Arabidopsis. The À693, À553, and À183 promoter conferred high expression in sucrose-induced luciferase activity. These results suggest that the À183 bp region contains the sequence necessary for sugar induction of the AtCIPK14 gene.
This À183 bp region contains two A/T-rich sequences, -72 GAATAATAAAAAAGCAA -56 and -160 GAATTAATTACAAAATAATG -141. Similar A/T-rich sequence elements have been found in sugarregulated promoters such as potato patatin and barley Different lengths of AtCIPK14 promoter were fused with the luciferase reporter gene and introduced into Arabidopsis via Agrobacterium tumefaciens. Leaves of T 2 plants were floated on water with (þS) and without (ÀS) sucrose for 24 h under dark conditions. Luciferase activity was measured using the Promega luciferase assay system according to the manufacturer's protocol. The luciferase activity represents the values obtained from 9 to 12 independent transgenic lines for each construct. (a) Mature leaves from 3-week-old Arabidopsis grown in soil were floated on water with or without sucrose (1%) and incubated in the dark for the indicated periods. After incubation for 72 h without sucrose, leaves were transferred to water containing 1% sucrose and further incubated for 7 h. (b) 14-day-old seedlings were transferred to a medium without sugar for 58 h, and then transferred to a medium containing the indicated sugar analogs (100 mM). 2-dGlc, 2-deoxy-glucose; 3-O-mGlc, 3-O-methyl-glucose. Total RNA extracted from these samples was subjected to RNA blot hybridization using 32 P-labelled AtCIPK14 cDNA. rRNA visualized with ethidium bromide staining was loaded as a control.
iso1 genes. 5, 8) A conserved sucrose responsive element (SURE), described as an AA/TAA sequence, has also been reported in promoters of other sugar inducible genes and considered to enhance gene expression with implied protein binding activity. 8, 13) Detailed analysis of these two sequences might indicate a definitive conclusion for sugar inducible expression of AtCIPK14.
The À1;793 bp promoter fused with the GUS reporter gene was introduced into Arabidopsis and the expression of the GUS gene was examined by histochemical staining. GUS staining was observed in imbibed seeds and in the embryonic axis of seedlings 2 d after germination (Fig. 3a, b) . At 10 d after germination, expression was observed mainly in the hypocotyls (Fig. 3c) . In mature plants, staining was observed mainly in leaf-veins (Fig. 3d) . In flowers, GUS expression was found in the vascular bundle of the stamen filament and in the stigma, where the filament joins the pistil (Fig. 3e) . In addition, vascular-specific expression was observed in cross sections of roots (Fig. 3f) . Mature leaves treated with sucrose showed stronger staining, whereas other tissues were not stained (Fig. 3g) . These results suggest that the expression of AtCIPK14 is restricted predominantly to vascular tissue. Since sugar content is supposed to change in other cells, AtCIPK14 promoter might contain an additional regulatory element for tissue-specific expression in addition to the sugarresponsive element.
Calcium concentration in vascular tissue has been shown to increase due to sucrose. 14) AtCIPK14 was previously suggested to interact with a calcium binding protein, AtCBL2. 10) Since expression of AtCBL2 is rather uniform, the activity of AtSR2 might be regulated by calcium concentration. It is also possible that AtCIPK14 interacts with other AtCBLs, since interaction has been reported by other groups. 11, 15) The combination of AtCIPK14 and AtCBL2 is similar in protein structure to AtCIPK24/SOS2 and AtCBL4/ SOS3, which regulate SOS1, a Na þ /H þ antiporter. 16) Hence, AtCIPK14 might be involved in the regulation of sugar transporters in vascular tissue interacting with calcium binding proteins such as AtCBL2 and increased calcium ions. Alternatively, AtCIPK14 might interact with protein phosphatases, since SOS2 interacted with the protein phosphatase 2C ABI2. 17) Additional experiments will be necessary to confirm our hypothesis.
